Background: Undernutrition in neonates increases the risk of serious morbidities. The objective of this study was to describe neonatal morbidity associated with low body fat percentage (BF%) and measure the number of undernourished neonates defined by BF% and compare this with birth weight percentiles (<10th). Methods: Eligibility included term (≥37 wk) neonates. BF% measurements were undertaken by air displacement plethysmography. Data on neonatal outcomes were extracted from medical records and used to develop a measure of neonatal morbidity. We assessed the association between neonatal morbidity and population-based birth weight percentiles compared with the BF% measurements. results: Five hundred and eighty-one neonates were included. Low BF% was defined by 1 SD below the mean and identified in 73 per 1,000 live births. Neonatal morbidity was found in 3.4% of neonates. Birth weight percentile was associated with neonatal morbidity (odds ratio (OR): 1.03 (95% confidence interval (CI): 1.01, 1.05); P = <0.001). BF% was associated with a higher risk of neonatal morbidity (OR: 1.30 (95% CI: 1.15, 1.47); P = <0.001). conclusion: In this population, measuring BF% is more closely associated with identification of neonates at risk of neonatal morbidity as compared with birth weight percentiles. BF% measurements could assist with identifying neonates who are appropriately grown yet undernourished and exclude small neonates not at risk.
a ccurately determining the nutritional status of newborns is a major public health problem (1, 2) . The World Health Organization estimates that undernutrition contributes to more than half of all child deaths in the developing countries by leaving the child more vulnerable to severe consequences from common infections (3) and severe neurological complications due to insufficient energy (substrates) in the perinatal period (4) . Worldwide, the majority of neonatal deaths occur on the first day and within the first week after birth. Furthermore, undernourished neonates who survive are at risk of long-term health outcomes, including hypertension, stroke, type 2 diabetes, obesity, and cardiovascular disease (5) (6) (7) (8) . Neonatal undernutrition, or "wasting", is a clinical diagnosis often characterized by diminished subcutaneous tissues and underlying muscles with loose wrinkled skin of the arms, legs, elbows, and knees (1, 8) .
Size at birth and specifically birth weight is commonly used to identify neonates at risk from fetal undernutrition. Small-term neonates and preterm neonates have difficulty in maintaining normal blood glucose concentration and are at risk of hypoglycemia and its consequences as glucose is the major energy substrate for neonates (9) . During pregnancy, the fetus is entirely dependent on placental transfer of maternal glucose. Following birth, neonates' transition to oral intake through breastfeeding or breast milk substitutes provides glucose (10). However, before oral feeding is established, mobilization of body fat is very important for the neonate as body fat provides alternative substrates for the newborn's glucose-dependant brain and other tissues. Measuring body fat percentage (BF%) in neonates may be an accurate measure of risk of insufficient energy and, or hypoglycemia. A variety of methods are used to detect neonatal BF% including total body electrical conductivity, bioelectrical impedance, and dual-energy X-ray absorptiometry (11) . However, these techniques are generally impractical for wide use in a neonatal population because they are relatively invasive, time consuming, and may involve some radiation exposure (11, 12) . Recently, a new technology using air displacement plethysmography (ADP) has become available to noninvasively, accurately, and quickly measure BF% in infants from birth to 6 mo of age. ADP has been validated against the four-compartment model and biological and physical phantoms (13) and is considered the criterion method for determining BF% in neonates (14) (15) (16) (17) (18) . Several studies have investigated the BF% as the indicator of neonatal nutritional status using ADP (13, (19) (20) (21) . However, the neonatal morbidity associated with BF% at birth has not yet been described.
Therefore the aim of this study was to (1) describe neonatal morbidity associated with low BF% (2), measure the number of undernourished neonates defined by low BF%, and (3) examine the association between neonatal morbidity in population-based birth weight percentiles compared with neonatal BF% measurement.
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Articles RESULTS There were 815 term neonates born during the study period. Of the 782 eligible neonates, 581 were enrolled in the study with 75% recruitment (Figure 1) . Neonatal, maternal, and paternal demographic characteristics are presented in Tables 1 and 2 .
Development of a Composite Neonatal Morbidity
The results of the univariate logistic regression identified hypothermia, poor feeding, and extended length of stay were mostly associated with being small for gestational age (SGA) vs. appropriate for gestational age. These three markers were combined to create the measure of undernutrition, and thus neonates were defined as having morbidity if they had all three of these markers. There were 20 (3.4%) neonates found to have neonatal morbidity based on these conservative criteria.
Birth Weight Percentile as a Predictor of Neonatal Morbidity
Percentile birth weight was associated with the neonatal morbidity with an odds ratio (OR) of 1.03 (95% confidence interval (CI): 1.01, 1.05; P = 0.0019) indicating that for every one percentile decrease in weight the OR of neonatal morbidity increased. Model discrimination measured by the area under the receiver operating characteristic (ROC) curve was 0.71, indicating moderate discrimination.
BF% and Fat Mass as a Predictor of Neonatal Morbidity
Undernourished neonates classified by low BF% (<1 SD below the mean) had a higher risk of neonatal morbidity OR of 1.30 (95% CI: 1.15, 1.47; P ≤ 0.001) demonstrating that for every LGA (n) 61
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LGA, large for gestational age; SGA, small for gestational age. (22)), the comparison of BF% and birth weight percentiles using ROCs was not significant (P = 0.17). Figure 2 shows the improvement in the discrimination of neonatal morbidity using BF% and FM compared with percentile weight (SGA). Due to the extremely high correlation between FM and BF% (as is expected) we cannot test for differences in a statistical model, in our sample BF% has the higher OR and ROC though the differences are minor. There was high correlation between neonatal BF% and population-based percentile weight (r = 0.60; P < 0.001), indicating that the two variables were measuring similar but not identical aspects of neonatal anthropometry.
Maternal BMI was not associated with poor neonatal outcomes (P = 0.37) nor with predicting BF% (P = 0.35). BMI did not confound the relationship between BF% and neonatal morbidity (change in OR for BF%: 1.2%). When maternal height and weight were included in a model predicting neonatal morbidity, maternal weight was weakly associated (P = 0.09) and maternal height was not associated (P = 0.86) with neonatal morbidity. Of note, mothers <50 kg were more likely to have neonates with neonatal morbidity (OR: 4.3 (95% CI: 1.4, 13.8); P = 0.014) compared with mothers with weight between 50 and 64.9 kg. Height was however, associated with predicting BF% (P = 0.005), specifically those women who were less than 160 cm in height had a lower average BF%, compared with women who were between 160 and 174.9 cm tall, after adjustment for maternal weight. When maternal height and weight were included in the model for BF% predicting neonatal morbidity, the association between BF% and neonatal morbidity was not confounded by these variables (the OR for BF% changed by only 2.1%).
Thresholds for Targeting High-Risk Neonates
Using the standard screening threshold of <10th percentile (SGA), sensitivity was 30% (95% CI: 12, 54%) and specificity was 93% (95% CI: 91, 95%) for detection of neonatal morbidity. Using the standard screening threshold for BF% at 1 SD cutoff the sensitivity was 45% (95% CI: 23, 68%) and the specificity was 85% (95% CI: 82, 88%). For 1.5 SD below the mean for males and females, the sensitivity was 26% and the specificity was 93%. At 2 SD below the mean, the sensitivity was 16% and the specificity was 96%. Ideally, to be useful in determining neonatal morbidity the BF% threshold should have maximum sensitivity (i.e., not miss any undernourished neonates) but not at the expense of specificity (to minimize unnecessary testing of neonates). The 1 SD below the mean threshold, in comparison with 1.5 and 2 SD, provided the best balance of low BF% cut off between maximum sensitivity without unnecessarily low specificity.
Incidence of Appropriately Grown Neonates With Low BF%
The distribution of the neonatal BF% and the incidence of neonates who had low BF% (<1 SD below mean) measured by ADP was 73 per 1,000 births (Figure 3) . This equates to ~333 undernourished neonates born per year in our setting. The number of neonates with low BF% identified by using the <10th birth weight percentile cutoff was 29 (32%) neonates; thus 68% were clinically unrecognized or appropriately grown 
DISCUSSION
To our knowledge, this is the first study that has used ADP to measure BF% at birth, identify a threshold for neonatal BF% and investigate the association with neonatal morbidity compared with birth weight percentiles. We found that those neonates with low BF% (1 SD below the mean) had a higher risk of neonatal morbidity based on a surrogate measure of morbidity which included hypothermia, extended length of stay, and poor breastfeeding in comparison with the traditional approach of using population-based growth charts using logistic regression, but was not found to be significantly better at identifying neonates at risk using the appropriate ROC analysis. That is BF% in our sample was better at discriminating neonatal morbidity compared with the usual method of birth weight percentiles, and specifically <10th (SGA), but we had insufficient evidence to show that it was significantly better. These findings are directly relevant to clinicians globally as the use of BF% measurements could assist with identifying neonates at risk of neonatal morbidity associated with undernutrition. We found that the incidence of low BF% was 73 per 1,000 births in apparently healthy term neonates. These results suggest that the risk of associated neonatal morbidity was slightly higher in the low BF% neonates compared with the standard method (<10th percentile) for detecting risk of hypoglycemia. The neonatal morbidity measure for undernutrition used in our study was based on previous research (23) (24) (25) (26) (27) (28) (29) and clinical input of the pathophysiology of growth restricted neonates. In particular, Kramer et al. (23) found that growth restriction was associated with numerous adverse metabolic and neonatal outcomes. In addition, Walther and Ramaekers (30) found that asphyxia, hypoglycemia, and hypothermia occurred significantly more frequently in wasted neonates with a low Ponderal Index (weight/height 3 × 100) and the combination of wasting and underweight pointed to a higher incidence of neonatal morbidity. Our findings show low rates of neonatal morbidity in our population (3.4%); we believe this is due to three reasons. First, we excluded any neonate that was in the neonatal intensive care unit for greater than 48 h as access to the neonate was impractical thereby excluding the neonates at most risk. Second, we had very high rates of breastfeeding initiation and support. The recent accreditation of our setting as a Baby Friendly Hospital Initiative (31) before the study commencing maximized high compliance with breastfeeding guidelines. As breast milk is a ready source of alternative ketogenic substrates this may have reduced the number of neonates at risk of the variables used to identify neonatal morbidity. Last, the number of neonates with neonatal morbidity was defined by an 'and' rule in which a neonate had to have all three outcomes which may have under estimated the true rate of neonatal morbidity. This final point is, however, the strength of our study and increases our confidence in our results.
Currently available tools for detection of neonatal undernutrition include the clinical assessment of nutritional status score (CANSCORE) which consists of nine physical detectable signs of undernutrition and anthropometric measures, such as the Ponderal Index. The CANSCORE has been investigated by Adebami and Owa (1) who found that by using the CANSCORE as the objective measure in 442 terms, singleton neonates, 18.8% were undernourished. The authors compared different indictors of undernutrition and found that using an intrauterine growth standard alone, 49.4% of the neonates with neonatal undernutrition would have been missed while Ponderal Index would also have missed 61.4% of neonates (1) . Other research has investigated perinatal outcomes using the CANSCORE to identify undernourished preterm neonates, and found that early neonatal morbidities including hypoglycemia, feeding intolerance and infection were higher in undernourished neonates compared with those appropriately grown (32) . The CANSCORE is a purely clinical assessment requiring determination of physical characteristics of the newborn, thus heavily dependent on clinician or health worker skills for assessment (8) . Neither the clinical assessment nor Ponderal Index methods have used a highly accurate tool to assess nutritional status such as ADP to determine sensitivity and specificity. An important aspect of the ADP is that it is an objective measurement that provides accurate clinical measurements without observer error. These findings are important as previously there has been no accurate, validated and objective measurement for detection and monitoring of risks associated with substrate depletion.
The strengths of our study include that it was a population representative sample with a good recruitment rate (75%), and would be widely generalizable to other similar high-income settings where ADP equipment is available. ADP has been validated against many reference models including the fourcompartment model (14) and thus provides noninvasive measurement to determine body composition including BF% in neonates. In addition, the fluctuating hydration status of the neonate during the first week of life is accounted for during the BF% measurements. The advantage of measuring body composition is that neonatal BF% can provide an estimate of risk of undernutrition and likely neonatal morbidity such as failure of alternative substrates for brain metabolism, hypothermia, and feeding difficulties. Weaknesses of our study include that we were not able to use neonatal blood glucose levels, which best indicate hypoglycemia and thus undernutrition, as these are not performed in all neonates as part of routine practice. However, we chose an objective, surrogate composite measure of neonatal morbidity associated with undernutrition, which included variables that are supported by the pathophysiological evidence to identify neonates who would have been at risk of undernutrition. Our composite neonatal morbidity measure was conservative as neonates had to have all three of the outcomes to be defined as morbid, and those neonates with a single morbid variable were not included in outcomes. Furthermore, our sample size does not enable us to develop models based on these individual outcomes. Although the variables used in our neonatal morbidity outcome are associated with neonatal morbidity due to undernutrition they may also indicate other neonatal conditions. Maternal height and weight were self reported which may increase the risk of bias, Articles Carberry et al.
although for most mothers these were cross-checked with their antenatal data, which was measured for the majority of women in the first trimester of pregnancy. ADP technology is relatively new and although the equipment approximates the cost of an ultrasound machine which is commonly available, it is not yet available in all clinical settings. Finally, some parents initially found the use of the machine daunting.
In conclusion, BF% measurements in newborns were shown to be more closely associated with undernutrition using logistic regression. However, the very low rates of neonatal morbidity in this study are suggestive of but do not provide definitive results as to whether BF% is a better method of identifying neonates at risk of undernutrition compared with the population-based birth weight percentile of SGA (<10th) using ROC curve comparisons. These findings are clinically relevant and potentially could be applied as an accurate screening program in settings where ADP is available. In particular, this study establishes that BF% may be a better method of detecting the nutritional status of appropriate for gestational age neonates who are undernourished and at risk yet unrecognized and thus not screened for risk of hypoglycemia. Identifying neonates with low BF% could improve opportunities for early intervention for neonates at risk of morbidity and mortality associated with undernutrition and exclude those not at risk who are <10th percentile but constitutionally small.
METHODS

Subjects
Using a cross-sectional design subjects were recruited from term, singleton, neonates born at Royal Prince Alfred Hospital (RPAH) between September and October 2010. RPAH is a major public teaching hospital in Sydney, Australia, with a predominantly inner urban, multicultural population and >5,000 births per year. Eligible subjects were well, term neonates (37-42 wk gestation) within the first 48 h of birth. Exclusions included neonates with major congenital abnormalities, multiple births, preterm neonates, or admissions to the neonatal intensive care unit for greater than 48 h as illness or invasive monitoring prevented measurement. The greatest loss in BF% occurs on day 3 and therefore to standardize this measurement we included only neonates measured within 48 h of birth (33) . The sample size was based on the main study question of estimating the number of neonates with low BF% with a minimum sample size of 384 required to provide a 95% CI ±3%. This was based on the assumption of 10% prevalence of neonates with low BF% giving 95% CI: 7, 13%.
Measurements
Neonatal data included weight (kilograms (kg), length, sex, ethnicity, and gestational age (weeks). SGA was defined as <10th percentile birth weight and appropriate for gestational age was defined as between the 10 and 90th percentile birth weight, large for gestational age as >90th percentile birth weight (34) .
BF% measurements were performed using ADP (PEA POD; COSMED, Concord, CA). Before testing, the neonates' clothes were removed and a head cap was applied or hair smoothed to reduce the amount of air behaving isothermically. Neonatal weight was measured using the integrated scale to the nearest gram. Mass and volume calibrations took into account the presence of two hospital identification bracelets and an umbilical cord clip on each neonate at birth. The BF% was computed by software integral to the PEA POD system (version 3.1.3) based on a two compartment model of fat and fatfree compartments. Within the volume calculation, corrections were applied for air within the lungs and in close proximity to the subject's skin, which behaves isothermically. Neonatal BF% is calculated from body density assuming the density of fat to be 0.9007 kg/l. Age-and gender-specific densities of fat-free mass were computed based on the data of Fomon et al. (35) . For neonates up to 6-d-old, this fat-free mass density calculation allows for the greater hydration of fat-free mass in the first week of life (21) . FM and fat-free mass were computed from weight and BF% (13) .
Two trained personnel measured neonatal length to ~0.1 cm heel to crown using an Easy-Glide Bearing Infantometer (Perspective Enterprises, Portage, MI). The intraclass correlation coefficient was 0.968 showing good inter-rater reliability (36) . Birth weight was measured using the digital scales on the PEA POD to within 0.1 g. The method for measuring length and anthropometry was standardized by skills-based educational methods by a neonatologist (HJ) and competency was confirmed before data collection (37) .
During the neonatal measurement, mothers completed a short interviewer-administered questionnaire to collect data on preexisting medical conditions, maternal and paternal demographic details. Maternal BMI (weight (kg)/height (m) 2 ), prepregnancy weight and height were collected as potential confounders. Categories of height (cm) and weight (kg) were developed where the thresholds for low weight and height were close to the lower quartile of the data including <50 kg and <160 cm. Medical records were assessed in all neonates with the exception of two whose data were unavailable.
Data Analysis
Development of a composite neonatal morbidity. Blood glucose is a key indicator of neonatal hypoglycemia due to substrate deficiency and thus can indicate undernutrition. However, blood glucose testing is not routinely performed on all neonates in the neonatal period, and hypoglycemia is relatively rare in developed countries, therefore this data was not available. In addition, undernourished neonates are more likely to have poor perinatal outcomes such as stillbirth, neonatal death, low Apgar scores (24) , operative delivery or cesarean section for reasons of fetal distress (25) , hypoglycemia, hypothermia (26) , respiratory distress syndrome, intraventricular hemorrhage, necrotizing enterocolitis, increased length of stay (27) , and poor breastfeeding (28, 29) . Many of these outcomes are also relatively rare in our setting, and data on these outcomes are insufficient for cross-sectional studies. Therefore, based on the prevalence of these variables and discussions with clinicians and the literature (23-29) we developed a surrogate composite measure of neonatal morbidity associated with undernutrition. This included fetal distress, Apgar scores, hypothermia, length of stay, and poor feeding (Appendix 1). We used univariate logistic regression to develop this surrogate morbidity measure. As the current standard method for screening neonates at risk of neonatal morbidity and mortality is based on their birth weight percentiles, we chose <10th percentile (SGA) as the morbidity outcome to identify these factors. Our univariate regression included the five outcomes to identify which variables were associated with SGA compared with appropriate for gestational age neonates. We used an "and" rule, that is an neonate was defined as having neonatal morbidity if he or she had all of the outcomes significantly related to SGA status.
Birth weight percentile as a predictor of neonatal morbidity. Univariate logistic regression was used to assess whether birth weight percentiles (a continuous variable) were associated with neonatal morbidity. The sensitivity and specificity at varying thresholds of weight percentiles were used to calculate a ROC curve. The ability of birth weight percentiles to discriminate neonatal morbidity was measured using the area under the ROC curve. The difference in association between BF% and birth weight percentiles was investigated in two ways: by testing for a difference between these two variables in a logistic regression model; and by comparing the ROC curves (38) .
BF% and FM as a predictor of neonatal morbidity. To determine if BF% is a more appropriate indicator of neonatal morbidity we conducted a univariate logistic regression assessing the association between BF% (a continuous variable) and neonatal morbidity and estimated the area under the ROC curve. Similarly, we assessed FM (a continuous variable) and neonatal morbidity using a logistic regression model to estimate the area under the ROC curve. We also
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Articles investigated whether maternal BMI, height, or weight confounded any association between BF% and neonatal morbidity.
Thresholds for targeting high-risk neonates.
In clinical practice birth weight thresholds are used for identifying neonates at high risk of morbidity. We investigated how well the commonly used threshold of <10th birth weight percentile (SGA) compared with BF% identified neonatal morbidity using sensitivity and specificity. There is no standard threshold for BF% so we investigated three thresholds for BF% for identifying neonatal morbidity again calculating sensitivity and specificity at each threshold. These thresholds were 1 SD below the mean (4.2% for males and 5.8% for females), 1.5 SDs below the mean (2.1 and 3.6%, respectively) and 2 SDs below the mean (<1 and 1.5%, respectively). In this context, it is important to find the highest sensitivity threshold (thus identifying neonatal morbidity) but not at the expense of reduced specificity that would increase the number of healthy neonates receiving unnecessary blood glucose testing.
All analyses were conducted in SPSS version 19 software (SPSS, Chicago, IL), SAS 9.2 software (SAS, Cary, NC), and STATA 11 (STATA, College Station, TX). 
APPENDIx 1
Outcomes Used for the Composite Neonatal Morbidity 1. Fetal distress leading to operative delivery and/or thick meconium at birth, 2. Low Apgar scores (<7 at 5 min) leading to resuscitation at birth, 3 . Hypothermia (<36.5 °C or 97.7 °F) at any time, 4 . Longer length of hospital stay than standard clinical practice (>3 d for normal vaginal delivery and instrumental delivery and >5 d for cesarean section), and 5. Poor feeding based on three criteria with at least two of the following: (i) frequency (<3 first 24 h, <6 next 24 h); (ii) poor breastfeeding (or bottle feeding) codes (<code 4 × 3) (codes ranged from 1 to 6, where 1 was defined by "breast offered but does not attach" and 6 was defined as "long feed with good nutritive sucking"); (iii) expressed breast milk or formula (greater than twice) if breastfed.
